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Abstract: We present a method that integrates the standard imaging tools for locating and
detecting unlabeled nanoparticles (NPs) with computational tools for partitioning cell volumes and
NPs counting within specified regions to evaluate their internal traffic. The method uses enhanced
dark field CytoViva optical system and combines 3D reconstructions of double fluorescently
labeled cells with hyperspectral images. The method allows the partitioning of each cell image
into four regions: nucleus, cytoplasm, and two neighboring shells, as well as investigations across
thin layers adjacent to the plasma membrane. MATLAB scripts were developed to process the
images and to localize NPs in each region. Specific parameters were computed to assess the
uptake efficiency: regional densities of NPs, flow densities, relative accumulation indices, and
uptake ratios. The results of the method are in line with biochemical analyses. It was shown
that a sort of saturation limit for intracellular NPs density is reached at high extracellular NPs
concentrations. Higher NPs densities were found in the proximity of the plasma membranes. A
decrease of the cell viability with increasing extracellular NPs concentration was observed and
explained the negative correlation of the cell eccentricity with NPs number.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Based on an increasingly need to better understand of the nanoparticles (NPs) effects on living
cells [1], their use in biology and medicine has grown considerably in recent years.

A key point for a deeper knowledge of NPs effects on living cells is to properly track their
pathway from membrane penetration to their final destination [2,3]. Diverse NPs parameters like
chemical structure, shape, size, area, surface charge, as well as on the cell type [3] determine
their intracellular fate.
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Considered as “the third most commonly used metal-containing nanomaterial” [4], the
engineered zinc oxide nanoparticles (ZnO-NPs) are used for various purposes [5–9]. It is thus
of interest to study the in vivo and in vitro effects of their interactions with human or animal
organisms down to the cellular level.

Conventional imaging methods used to detect NPs inside cells are electron microscopy -
mainly for NPs in biopsy tissues [10], atomic force microscopy - to study the NPs impact on cells
biophysical properties [11–13], or scanning transmission X-ray microscopy - for tomographic
reconstructions [14,15]. These techniques have high resolution, but small field of view. Besides,
they are expensive and cumbersome in terms of sample preparation.

On the other side, the optical microscopy offers larger fields of view, allowing to visualize living
cells in their culture medium, in real-time, with the drawback of low resolution. Fluorescence
microscopy uses labeled NPs and cells to detect NPs uptake and time-based acquisitions to track
NPs within the cells [16]. Confocal microscopy is a technique allowing to qualitatively determine
if labeled nanoparticles are inside or outside the cell [17]. Super-resolution microscopy pushes
the resolution limit down to 50 nm [18], being able to identify nanoparticles features well below
the diffraction limit [19]. Enhanced dark field microscopy (eDFM) proved to be a promising
tool to visualize NPs in cells (either labeled or not). eDFM detects the Rayleigh scattering of
the incident light by nanometric scale objects (e.g., NPs located intra- or extra-cellularly). The
intensity of the scattered light is dependent on the size, chemical composition and refractive
index of the NPs [20,21]. The method has been previously used to investigate cells dynamic [22],
Au or Ag NPs [23,24].

eDFM can be effectively improved when combined with hyperspectral microscopy (HSM),
which helps to detect NPs’ scattering spectra [25–27]. The NPs presence is established by
identifying the characteristic scattering properties and the relevant spectral profiles of each NPs
type, at pixel level. This combination of techniques was initially developed for metallic NPs using
their plasmon resonance properties [28–30] and later used also for non-metallic NPs [31–33].
eDFM can also be improved by combining it with fluorescence microscopy. Using a Z-scan
technique under eDFM examination mode in a Cytoviva-adapted system including a fluorescent
module, it is possible to visualize 3D distribution of NPs inside structured substrates [34,35],
3D reconstruction of cells and the intracellular NPs distribution [36], or to study fluorescently
labeled organelles [37]. Therefore, a less interfering and more accessible method for visualizing
and localizing NPs within living cells is of high interest, especially if they do not require labeled
NPs. Many laboratories reported automated methods and strategies to process fluorescence [38],
hyperspectral [39], darkfield [40] images or developed computational models [41] to evaluate
cellular uptake potential.

In the present work we exploit the advantages provided by combining the CytoViva facilities,
i.e., eDFM, HSM and fluorescence microscopy, to develop numerical tools to quantitatively assess
the uptake efficiency of unlabeled NPs within cells. The method consists of scripts devoted to
precise localization and counting of NPs in the cytoplasm, nucleus, and border areas, thus enabling
the computation of geometric parameters of the cells (perimeters, areas, eccentricity, volumes).
The method furnishes output parameters to characterize intracellular processes like particle
densities per region and per the whole cell, gradients, NPs distribution along the cell height,
uptake ratios, flow density through lateral area, correlation coefficients, relative accumulation
indices. These scripts were tested on images from Z-scan of fluorescently double-labeled NIH3T3
cells incubated with ZnO-NPs. Characteristic spectral profiles of ZnO-NPs were identified using
HSM images.
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2. Samples preparation and images acquisition

2.1. Samples preparation

ZnO-NPs were synthesized through co-precipitation as described in [42]. ZnO-NPs were
sterilized at 121.°C in dry atmosphere and stock sterile suspensions of 2000.µg/ml were prepared
in phosphate buffered saline solution (PBS) (NaCl 146.mM, KCl 2.6.mM, Na2HPO4 10.14.mM,
KH2PO4 1.76 mM, pH 7.4), then sonicated on ice for 45 minutes and diluted in complete culture
medium at working concentrations of 1, 2, 3, 4, 8, 16 and 32 µg/mL.

Murine embryonic fibroblast cell line NIH3T3 (ATCC-CRL 1658) was used. Cells were
grown in Dulbecco’s Modified Eagle Medium containing glucose (4.5 g/L), L-glutamine (2
mM) (DMEM) (Sigma-Aldrich, D5796, USA), supplemented with 10% Fetal Bovine Serum
(Sigma-Aldrich, F7524, USA).

For microscopy experiments, cells were seeded on round glass coverslips (12 mm diameter),
placed in a 24-wells culture plate (Corning Costar, CLS3527, EU) at a concentration of 4000
cells/well and let to grow for 24 h to resume the cell cycle. The culture medium from each well
of the plate was then replaced with the NPs suspensions at working concentrations and cells were
further incubated for 24 h. Afterward, the NPs suspensions were removed and the cells were
washed with PBS and then fixed. For examination in CytoViva Z-scan fluorescence module,
the samples were stained for cytoplasm with Alexa Fluor 488 Phalloidin (Alexa488, Invitrogen,
ThermoFischer Scientific, A12379, USA) and for nucleus with 4′,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich, D9542, EU), and mounted as previously described [36]. Three identical
samples were prepared for the following working concentrations of NPs: 1, 2, 3, 8, and 32 µg/mL.

For cell viability experiments, cells were seeded (4000cells/well) in 96 well plates (TPP,
93040, Switzerland) and let to grow for 24 h (37 °C, humidified 5% CO2 atmosphere). The
incubation of cells with ZnO-NPs followed the same procedure as described above. The standard
metabolic viability test (CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit, Promega,
G3581, USA) was used. The test is based on the reduction of a tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt;
MTS] by viable cells to generate the colored formazan dye that is soluble in cell culture media.
The formazan concentration, which can be determined by measuring the optical density of the
solution at 490 nm, is thus directly proportional to the number of metabolically viable cells within
the sample [43]. All measurements were done in triplicates and data were normalized to the
average value of the control (samples without NPs).

2.2. Hyperspectral imaging

To obtain hyperspectral images (HSI) of high resolution, CytoViva eDFM hyperspectral module
(Fig. 1(a)) uses a white light source (FiberLite DC-950, 150 W quartz halogen aluminum reflector,
Dolan Jenner Industries, USA) which illuminates the sample at a high oblique angle through
a cardioid-shaped, oil immersed darkfield condenser, via an optical fiber with a liquid core.
This particular setup improves the signal-to-noise ratio. The result consists in two-dimensional
images with bright zones on a very dark background. The nanometric components of the sample
scatter the incident light and send it through a 60× oil immersed objective to a spectrophotometer
(ImSpectrum V10E, Specim Finland) which is equipped with a transmission diffraction grating
inserted between the objective and a hyperspectral camera (Pixelfly 1392× 1040-pixel resolution,
6.45× 6.45 µm pixel size, 7.3 to 13.5 fps, 5 µs-60 s exposure time range, 62% quantum efficiency).
The system provides a complete scattering spectrum at single pixel level in the range of 400-
1000 nm with 1.28 nm spectral resolution. During image acquisition, the samples are scanned in
the XY plane with a motorized stage (NanoScanZ, Prior Scientific Instruments Ltd, UK, 10 nm
step size, 114× 75 mm travel range). HSI were recorded and processed under Environment for
Visualizing Images (ENVI) software [44,45]. The specific settings used for HSI acquisition were:
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0.80 NA for 60x microscope objective, and 0.25 s exposure time for each scanned line (500 lines
per each image).

a) b) 

Fig. 1. Principal components of the experimental configurations a) hyperspectral and b) 3D
fluorescent modules.

2.3. Z-scan of the double labeled fluorescent cells

To obtain a 3D map of relevant cell regions and of the whole cell, a new experimental step was
added. It enhances the functionality of Z-scan and fluorescence modules mounted on the eDFM
CytoViva system (Fig. 1(b)) and consists in imaging the samples labeled with two fluorophores
(as described in Chp.2.1). Accordingly, two sets of images could be recorded consecutively,
by Z-scan of the cells along their height (OZ axis) via two excitation filters inserted in the
optical path: F1 for DAPI, and F2 for AlexaFluor488. To visualize the fluorescent images, an
additional filter F4 allowed to record images simultaneously with both markers. A mercury
lamp (Lumen200, Prior Scientific Instruments Ltd, UK) illuminates the darkfield condenser
(the same as in the case of HSM), through a liquid optical fiber to diminish thermal noise. The
images are formed on a cooled EXiBlue monochrome CCD (QIMAGING Corporation, Canada,
1392× 1040 pixels, 15 fps at maximum resolution, 6.45× 6.45 µm pixel size). When the F4 filter
is inserted, images in real fluorescent colors are acquired using OCULAR software and color
QIMAGING CCD (4.54× 4.54 µm pixel size, 75% quantum efficiency, Sony sensor 2688× 2200
pixels, 7.1 fps).

In Figs. 1(a), (b) are shown the experimental configurations for hyperspectral and 3D fluorescent
modules. They are integrated on the same microscope, but with some differences: the light source,
the scanning mode, the type of sample analyzed, the detection device, and the preprocessing
software.

Using the F1 filter and an oil immersed 60× objective (1.25 NA, 1 pixel in the XY plane
corresponds to 107.5 nm), the nucleus was visualized as a set of N cross-sections (NZ), 100 nm
apart (∆z= 100 nm), grouped in F1-Z-stack images. Using the F2 filter, the images for cytoplasm
were acquired as a set of F2-Z-stack images with the same number NZ of cross-sections (Fig. 2),
the same focusing distance (no mechanical movements) and the same ∆z.

Finally, ZnO-NPs presence was evidenced by illuminating the sample in “white” mercury light
(WL) and a WL-Z-stack of scattered light images was acquired (NZ, ∆z and focusing position
remaining unchanged).
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Fig. 2. Scheme of Z-stacks images acquisition, ∆z= 100 nm, NZ ≅ 60.

The exposure time was set as follows: 1000 ms for F1-Z-stacks, and between 600-800 ms for
F2-Z-stacks (to avoid CCD saturation). In “white” mercury light, the exposure time was set
under 50 ms to record only the intensity scattered by the nanoparticles and not the one coming
from the cell which remains below the detecting threshold.

For F1-Z- and F2-Z-stacks, the point spread function and deconvolution routines provided by
the CytoViva producer were run while for WL-Z-stacks, the built-in specific plugin “Just locate
nanoparticles” was used [46].

3. Method description

3.1. Hyperspectral analysis

The hyperspectral investigation is necessary to prove the existence of ZnO-NPs inside the cells.
The presence of ZnO-NPs further justifies the 3D quantitative analysis of the sample. HSI were
acquired on two categories of samples: samples consisting of ZnO-NPs in culture medium, and
samples consisting of cells incubated with ZnO-NPs in different extracellular concentrations.
The spectral fingerprints of ZnO-NPs inside cells were saved in spectral library and further used
to identify the ZnO-NPs inside cells in all samples by running the built-in spectral angle mapper
(SAM) under ENVI software. The spectrum from each pixel was compared to the fingerprint
stored in the spectral library, and, if they had similar shapes, the pixels were turned in red color.

3.2. Cells regions and ZnO-NPs distribution

To evaluate the 3D distribution of ZnO-NPs per region and per whole cell, we introduced specific
MATLAB scripts (R2022a MathWorks, USA). They rely on the “slicing” procedure provided by
Z-scan module and allow NPs counting in each region as well in the whole cell by summing the
counted values from all slices. Our scripts identify the edges of the nucleus and cytoplasm in
each cross-section of F1-Z-stack and F2-Z-stack, respectively. During image acquisition, the
exposure time was set to avoid the CCD saturation, therefore some pixels might darken after
deconvolution and consequently, the fluorescence images might exhibit “cavities” and open
contours. The challenge was to find a unique rule to automatically generate continuous and
realistic contours that fit the actual images of cells and to further allow the computation of the
geometric parameters and NPs densities. Two approaches were tested: convex hull [47] and
alpha shape [48].

In Fig. 3(top row), three examples of experimental fluorescence images are given (one cross-
section per each F2-Z-stack). Figure 3(bottom row) displays the deconvolved images (white
shapes) interpolated according to convex hull (red) and alpha shape approach (blue). One can
easily remark that the blue interpolations are better filling the gap areas between the white
shapes and thus providing continuous contours, closer to experimental images. For a given
cross-section, the parameter alpha value (α) was chosen empirically as the minimum value which
leads to a cell shape with all points connected (the algorithm obeying the same rules for all
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cross-sections). When computing the geometrical parameters, the entire area inside the blue
contour was considered.

Fig. 3. Upper row: examples of three experimental fluorescence images (cross-sections
from three different F2-Z-stacks). Bottom row: results of the deconvolution of corresponding
F2-Z-stack fluorescence images (white) and of the filling procedures convex hull (red contour)
and alpha shape (blue contour). The scale bars represent 2 µm.

To compute the NPs intracellular densities, a home-made MATLAB script was developed
to partition the cell image into four relevant regions (Fig. 4): nucleus, shell 1 (a border region
surrounding the nucleus), cytoplasm and shell 2 (a border region, inside the cytoplasm, adjacent
to the plasma membrane). The rationale of defining shell 1 and shell 2 was for a deeper insight
on the biochemical discontinuities that occur between cytoplasm- nucleus on one side, and
between cytoplasm-extracellular medium on the other. Our method provides more detailed
quantitative information on the particle density in each region which might help to better explain
the trafficking mechanisms (in good agreement with reports in [2,3,14]).

Fig. 4. Scheme of cellular regions: nucleus, shell 1, cytoplasm, shell 2.

In our test example, the same value was chosen for the widths of the shells (12 pixels ∼ 1.3
µm). The choice was in line with experimental evidences of higher intensities in such regions, in
both fluorescence and hyperspectral images. The MATLAB script was run on the filled images
resulted from F1- and F2-Z-stacks. The script assigns the positions of ZnO-NPs to one of the
four cellular regions according to their (X, Y, Z) coordinates stored in WL-Z-stack.

3.3. Parameters related to uptake efficiency

The MATLAB scripts also deliver a registry containing: i/ cell geometric parameters (the
volumes of each region and of the whole cell, cell lateral area, eccentricity), and ii/ the number
of ZnO-NPs per region. The volume of each region is computed by summing the products of
each cross-section area by the distance between cross sections (∆z= 100 nm). The lateral area of
each cell is computed by summing the cell perimeters calculated in each cross-section multiplied
by the axial step ∆z. Cell eccentricity is computed using MATLAB eccentricity function on the
cell cross-section with the maximum area among all images from a given F2-Z-stack.
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The geometric parameters allow to compute a list of output parameters for each cell: i/ particle
density per region and per the whole cell (as the ratio between the number of ZnO-NPs and
volume of the region/cell), ii/ gradients of particle density g1, g2, and g3 (we considered four
layers of 650 nm width each, starting from the cell membrane towards the cell interior and the
standard definition of discrete gradients was used), iii/ axial distribution of ZnO-NPs along the Z
axis (particle densities computed by grouping the NZ cross-sections from a Z-stack into 6 equal
intervals, and normalize their values to maximum value from all groups), iv/ uptake ratio (ratio
between the particle density in the whole cell and extracellular concentration of ZnO-NPs in the
culture medium), v/ flow density (number of particles entering the cell per 24.h, divided by the
lateral area of the cell), vi/ correlation coefficients (between geometric parameters and number
of NPs inside cell), vii/ relative accumulation index (RAI, as the ratio of the actual number of
ZnO-NPs within each region to the expected number of NPs, computed under the null hypothesis
of uniform distribution of ZNo-NPs inside cell for a specified extracellular concentration). The
output parameters were computed as mean values for 15 cells for each extracellular ZnO-NPs
concentration.

The Matlab script, on average, needs approximately 30 - 40 s and 30 MB of memory per image
to compute all geometrical parameters and to list the output parameters on an Intel i5 9600 K
processor. If, additionally, each image is saved on SSD, the average processing time per image
rises to 45 s but the memory usage remains unchanged.

ANOVA tests (F-test and p-value) were used to investigate if the means ZnO-NPs densities
across the four regions were statistically different (in the null hypothesis of uniform distribution)
[49]: i/ comparison between the observed value of F and the critical value (Fcrit), ii/ calculation
of the probability p-value and comparing it with significance level.

Because the producer describes the 3D visualization procedure when only one fluorescent
Z-stack and one WL-Z-stack are recorded [46], we propose a procedure (under ImageJ plugins)
to visualize the 3D reconstruction of the cell with NPs, where all three Z-stacks (F2-Z-, F1-Z-
and WL-Z) were combined. The F2-Z-, F1-Z- and WL-Z-stacks were loaded (in this order) as
“Surface” in the special plugin “3D viewer” of ImageJ. Then, the “Transparency” function was
applied and adjusted until one could see “through” the cytoplasm or nucleus by keeping the
genuine edges unaffected.

4. Results and discussions

The usefulness of the method is exemplified in the results below. They were obtained by
performing hyperspectral identification of ZnO-NPs and by running MATLAB scripts for cell
mapping, computation of geometrical and output parameters listed above.

4.1. Hyperspectral identification of ZnO-NPs in cells

The spectral profile of ZnO-NPs in culture medium (Fig. 5(blue curve)) showed bell-shaped curve
with maximum in the range 477-485 nm, due to the slightly different size of the nanoparticles. The
presence of the ZnO-NPs inside cells leads to pixels with intensity several orders of magnitude
higher than the intensity scattered by the cellular structures. The spectral fingerprints of ZnO-NPs
inside cells (Fig. 5(red curve)) detected in these pixels exhibit shifted maxima centered in the
range 521-545 nm.

.
The fingerprints were stored as specimens in the “spectral library”. Differences between the

spectral profiles of the nanoparticles outside and inside the cell (as well as different optical
responses of the particles in different compartments inside the cells), have already been reported
in the literature [26,50,51]. These differences may be explained by intricate mechanisms inside
the cell where macromolecules adhere to NPs and change not only their chemical identity, but
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Fig. 5. Typical ZnO-NPs scattered spectra in culture medium (blue curve) and inside cell
(red curve).

also their clustering properties. Next, NPs presence was investigated in all cellular samples for
all working extracellular concentrations of ZnO-NPs.

In Fig. 6, the hyperspectral images of a cell incubated with ZnO-NPs (a) the appropriate
identification of ZnO-NPs using SAM protocol (b) and their superposition (c) are shown.

Fig. 6. a) Hyperspectral image of cell incubated with ZnO-NPs at 8 µg/mL extracellular
concentration, b) identified ZnO-NPs (as red dots) according to SAM procedure, c) superposed
images a) and b). The experimental image a), obtained by a single scan (line by line) of the
sample, contains in each pixel the entire spectrum 400-1000 nm.

Two types of distribution within cells can be observed: ZnO-NPs either accumulate near the
cell membrane (Fig. 7(a)), or spread inside the cell (Fig. 7(b)); these findings are confirmed by
3D analyses presented further.

a)        b) 

Fig. 7. Hyperspectral images of a) ZnO-NPs accumulated near the cell membrane for
extracellular concentration of 1.µg/mL, b) ZnO-NPs spread inside the cell for extracellular
concentration of 8 µg/mL. The experimental image a), obtained by a single scan (line by
line) of the sample, contains in each pixel the entire spectrum 400-1000 nm.

4.2. 3D cell regions by Z-stacks

Figure 8(a) exemplifies a fluorescence image of a cell group acquired through F4 filter on the
color QImaging CCD. Examples of experimental cross-sections from F1-and F2-Z-stacks are
represented in Figs. 8(b) and (c), respectively (acquired using monochrome QIMAGING CCD).
The corresponding images after deconvolution (obtained using the built-in CytoViva routine)
are given in Figs. 8(d), e. Running the routine “Just locate nanoparticles” on WL-Z-stacks, the
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nanoparticles were identified and their coordinates stored as triplets: X, Y, and the cross-section
index Z; the size and color of the points representing NPs were chosen by the user (red in Fig. 8(f)).
3D reconstructions of cells incubated with NPs were done under ImageJ using our procedure
(Figs. 8(g)-(i) present three positions of such a reconstruction). These 3D representations are
used only for spatial visualization and refer to the procedure described in the last paragraph of
Chp. 3.3.

a)   b)   c)   d)   e) 

f)    g)    h)    i) 

Fig. 8. a) Fluorescence image of a group of NIH3T3 cells (experimental colors through F4
filter); b) cross-section from F1-Z-stack; c) cross-section from F2-Z-stack; d) deconvolved
image of b; e) deconvolved image of c; f) cross-section from WL-Z-stack with localized
ZnO-NPs; g)-i) movie frames obtained by combining all Z-stacks (digital colors).

4.3. Output parameters

ZnO-NPs densities at different extracellular NPs concentrations by cell regions (nucleus, shell
1, cytoplasm, shell 2) are presented in Fig. 9(a). It can be observed the followings: i/ very
low particle density in the nuclei irrespective the extracellular NPs concentrations (blue bars in
Fig. 9(a)), ii/ NPs density in cytoplasm proportional to extracellular concentration (green bars
in Fig. 9(a)), iii/ NPs density in shell 1 proportional to extracellular concentration (yellow bars
in Fig. 9(a)) excepting for 32 mg/mL. However, at 32 mg/mL, the particle density in shell 2 is
significantly higher than for all other extracellular concentrations (orange bar in Fig. 9(a)).

 

a)                                                                              b)

Fig. 9. a) Particle densities by cellular regions for different extracellular concentrations; b)
NPs gradients (g1, g2, and g3) transverse to the layers adjacent to cell membrane.

Preferential accumulations of various categories of NPs in different types of cells were
highlighted by complex biochemical methods and consequently specific NPs densities in different
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cell regions were reported: inside the nucleus [52], around the nucleus, in the endoplasmic
reticulum [30], or mainly located in the cytoplasm [53].

In the case of ZnO-NPs, their presence in the cytoplasm was already confirmed in different
types of cells [54], but details about their more precise location are still difficult to specify.
Sophisticated biochemical analysis indicated autophagosome accumulation of ZnO-NPs in PC12
cells [55] and attributed the destruction of cells by ZnO-NPs to an accumulation of such toxic
NPs in the bacterial membrane [56]. Our method allows to establish a quite detailed map of
NPs over the regions defined herein by processing double labeled fluorescence images obtained
through standard experimental procedures.

When inspecting the gradients of particle densities (Fig. 9(b)), it is worth noting that, in
the immediate vicinity of the plasma membrane (between the first and the second layers, blue
squares in Fig. 9(b)), the highest gradient of ZnO-NPs can be observed. This gradient decreases
significantly between the second and third layer (Fig. 9(b), orange triangles), and diminishes to
zero between the last ones (Fig. 9(b), grey circles). In all cases, the higher the extracellular NPs
concentration, the higher the gradient. This means that there is an accumulation of NPs in the
layers situated immediately below the membrane, while in the deeper layers, NPs distribution
tends to a homogenous one.

The ANOVA test was run to compare the sets of particle densities on the four regions (each
region with each other); it returned F= 11.13959, Fcrit= 3,23887, p-value 0.00034. Because F.>
.Fcrit and p< 0.001, statistically significant differences among the particle densities by cellular
regions are revealed.

The relative accumulation index (RAI) was used to assess the extent to which NPs exhibit
preferential localization in a certain region (a RAI >1 indicates preference). A chi-square test
compares the measured number of ZnO-NPs in each region against the expected number of
particles computed under the null hypothesis. One can observe that Shell 2 is the preferential
localization region for ZnO-NPs in the case of extracellular concentrations of 1.µg/mL, 2 µg/mL
and 32 µg/mL (Table 1) and cytoplasm for 8 µg/mL, because the following set of three criteria
are simultaneously met [57]: i/ RAI is greater than 1, ii/ p-value <0.001, and iii/ the region’s
own chi-squared accounts for more than 10% from cumulated chi-squared values of all regions.
In these cases, the individual chi-squared values have substantial contributions to the total
chi-squared (approx. 38%, 21%, 52% and 17% respectively). In the case of 3 µg/mL extracellular
concentration (Table 1) the three criteria above are not met. For all extracellular concentrations,
the number of ZnO-NPs in nucleus region is the lowest. Concluding, based on this test, the null
hypothesis is rejected for 1 µg/mL, 2 µg/mL, 8 µg/mL and 32 µg/mL. These results are in line
also with hyperspectral images (Figs. 6(c), 7).

Table 1. ZnO-NPs localization by regions as revealed by RAI and chi-squared values.

RAI
chi-
squared RAI

chi-
squared RAI

chi-
squared RAI

chi-
squared RAI

chi-
squared

Nucleus 0.10 12.72 0.13 21.52 0.15 12.37 0.21 23.51 0.20 31.06

Shell 1 0.80 0.44 1.25 1.04 1.16 0.47 1.36 3.39 0.53 6.81

Cytoplasm 1.23 0.85 1.15 0.91 1.09 0.35 1.40 5.63 1.14 0.84

Shell 2 1.69 8.74 1.43 6.26 1.14 0.98 1.16 1.01 1.89 42.25

22.74 29.73 14.17 33.54 80.97

p-value < 0.001 < 0.001 < 0.01 < 0.001 < 0.001

Extracellular
concentration

1 (µg/mL) 2 (µg/mL) 3 (µg/mL) 8 (µg/mL) 32 (µg/mL)

RAI was successfully used in the case of transmission electron microscopy (TEM) images to
quantify the distribution of immunogold NPs within cells [57]. Although the layers analyzed by
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TEM have the same thickness (100 nm) as in the case of CytoViva Z-stacks, the advantage of our
method is that it can quickly and automatically analyze tens of such wafers, because samples do
not need special individual preparation of each section as in TEM.

As concerns the axial distribution of ZnO-NPs along OZ axis (see Fig. 10), one can observe
that there is no significant preference of ZnO-NPs localization along OZ, at least at this level of
granulation.

Fig. 10. Normalized particle density (mean values) along OZ axis for each extracellular
concentration.

The particle density per whole cell and the flow density (as mean values over all cells) as a
function of extracellular concentration are shown in Fig. 11(a) and (b) respectively. Despite
the large standard deviations, a saturation effect is observable at higher extracellular ZnO-NPs
concentrations.

a)                                                                                b)

Fig. 11. The dependence on NPs extracellular concentration of a) particle density per whole
cell, and b) flow density.

The ZnO-NPs uptake ratio is shown in Fig. 12 where the same saturating behavior at high
ZnO-NPs extracellular concentration was observed.

Fig. 12. The dependence of the uptake ratio on extracellular concentration.

In both Figs. 11 and 12, the fitting functions were formally used to evidence a sort of saturation
behavior for the NPs uptake process without considering any explanatory biological mechanism.
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Aiming to see if the number of NPs inside the cell and the cell geometry are linked, correlation
coefficients comparing these parameters were computed. Strong positive correlation coefficients
were found between the number of NPs inside the whole cell and the cell volume, and between
NPs number and the cell lateral area (0.64 and 0.61 Pearson correlation coefficients, respectively).
The bigger the cell, the more ZnO-NPs penetrate inside. For ZnO-NPs and NIH3T3 cells, our
data indicated a moderate negative correlation between the number of nanoparticles inside the
cell and the cell eccentricity (Pearson correlation coefficients -0.42). The higher the density of
ZnO-NPs inside the cell, the lower the eccentricity (as cells lose their viability, vide infra, they
become closer to a spherical shape, tending to zero eccentricity).

4.4. Viability assay

The viability assay results showed that at low extracellular NPs concentrations (up to 4 µg/mL),
the cells keep their viability (Fig. 13). At higher extracellular concentrations (above 8 µg/mL) the
cellular viability decreases abruptly as the NPs concentration increases. There are no differences
in viability at ZnO-NPs concentrations higher than 8 µg/mL. These results agree with the behavior
observed at high NPs extracellular concentration (Fig. 11(a)) and with the eccentricity dependence
on NPs concentration (eccentricity tends to zero when NPs concentration is high, and dying cells
become round).

Fig. 13. The metabolic viability of NIH3T3 cells incubated for 24 h with different
concentrations of ZnO-NPs.

5. Conclusions

We presented a method to improve the localization capabilities of joined eDFM, hyperspectral
imaging, and Z-scan on double labeled fluorescent samples in CytoViva system; new techniques
for cell mapping and counting unlabeled NPs in pre-defined cell regions were proposed and
demonstrated. Differing from our previous work (Nanoscale 2022), here we used a more complex
segmentation and NPs counting procedures using MATLAB scripts for data processing and
quantitative evaluations of geometric characteristics and specific parameters as well: particle
density, axial distribution, gradients in the vicinity of the cells’ outer border, relative accumulation
index, flow density through the cell lateral area, uptake ratio, and correlations.

Based on this improved computational method, some important features of the NPs uptake
by the cells could be evidenced: intracellular NPs density increases with the extracellular
concentration until reaching a sort of saturation; the highest density of NPs is in the immediate
vicinity of the plasma membrane and tends to lower values in the cellular interior; the negative
correlation of cell eccentricity with number of NPs inside cell was explained by the decrease of
the cellular metabolic viability.

These are observed in the case of NIH3T3 cells and ZnO-NPs, but further developments
include the using of other cell lines and various types of NPs. This approach offers the possibility
to locate NPs more precisely in cells and consequently to better understand the mechanisms of
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their influence on cellular processes. Moreover, it could allow to investigate the NPs distribution
within regions at different moments, and therefore to build realistic models of their kinetics, thus
contributing to understand the biological uptake mechanisms.
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